Introduction
Severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) caused the first major pandemic of the new millennium starting in 2002 resulting in a major outbreak in 2003 [1] [2] [3] [4] . Great achievements in understanding and controlling SARS were undertaken during the first years after the outbreak. On this basis, the development of diagnostic tests, antivirals and vaccines were initiated. However, it is argued that there is a lack of screening tests for proven effective treatment regimes [4] . Moreover, the pathogenesis of SARS is not understood in detail. Innate immunity is the first line of defence against viral infections and also plays a critical role in SARS-CoV clearance and immune evasion [5] warranting further study of innate immune mechanisms of the disease development.
Surfactant protein D (SP-D) is a member of the collectin family of proteins participating in innate immune responses. This family consists of pulmonary collectins SP-A and SP-D as well as mannose-binding lectin (MBL).
Termed collectins, for collagen-like lectin, the primary function of these proteins is anti-microbial clearance through direct agglutination and opsonization, and modulation of inflammatory cells like alveolar macrophages, T cells and dendritic cells [6] [7] [8] . SP-D is recognized to modulate the antigen presentation to specific major histocompatibility complex class II T-cell hybridomas in vitro in a dose-dependent fashion. However, the direction of the effect may be tissue specific [9, 10] . SP-D is involved in the clearance of virus, such as influenza A virus [11, 12] and HIV [8] . Both MBL and SP-D are further suggested to play a role in SARS. Genetic variation in mannan-binding lectin (MBL) is associated with the disease, and in vitro infectivity is reduced by direct MBL-SARS-CoV interaction [13] . SP-D is previously suggested to aggregate the virus through direct interaction with the viral spike glycoprotein [14] .
Severe acute respiratory syndrome lung injury is associated with diffuse alveolar damage and air space oedema and is accompanied by interstitial infiltrates of inflammatory cells, coagulation activation and fibrin deposition [5, [15] [16] [17] . Potential biomarkers for SARS thus include elevation of several endothelial, coagulation, fibrinolysis and inflammatory plasma markers [18, 19] . This is in line with features of acute lung injury (ALI) or acute respiratory distress syndrome (ARDS). Suggested biomarkers for ALI and ARDS further include SP-D [20] [21] [22] [23] . During the course of infectious lung injury, increased circulatory SP-D levels are demonstrated to correlate with human lung function [24, 25] .
The primary function of the SARS-CoV particle nucleocapsid (N) protein is to encapsidate the viral genome. The N protein also interferes with the host cell cycle in vitro and reduces the host interferon production. N protein is one of the predominantly expressed proteins at the early stage of SARS-CoV infection and a strong antibody response is initiated against N protein by the host. Recombinantly expressed N protein has been used for the detection of the N-specific antibodies in the host as part of diagnostic testing [26] , but the detection of viral N protein may hold more promise for early diagnosis [27] .
Here, we present details of our anti-SARS IgG-specific assay using recombinant N protein as capture antigen in ELISA. We address the possible role of systemic SP-D as a biomarker in SARS-associated lung injury, and the relation between systemic SP-D and SARS-CoV N proteinspecific antibodies.
Materials and methods
SARS patients. Sixteen patients, with the SARS type of pneumonia (7 male, 9 female, mean age 40.5 years, range 7-76 years), who were newly hospitalized and diagnosed with the modified WHO definition of SARS [28] in the medical intensive care unit of the Xuanwu Hospital of the Capital University of Medical Sciences, China between April and June 2003, were enrolled in the study. One SARS-infected patient died. The case definition was presence of a fever (temperature >38°C), a chest radiograph showing evidence of consolidation with or without respiratory symptoms and a history of exposure to an index patient suspected to have SARS or direct contact with a person who became ill after exposure to an index patient.
Unilateral or bilateral involvement of lung opacities on every radiograph was noted. Maximal chest radiographs were scored according to the per cent of lung involvement in each lung (0 = normal, 1 = 10%, 2 = 20%, 10 = 100% involvement). Summation of scores from both lungs provided the radiographical score for a particular chest radiograph for each patient as described previously [29, 30] . Demographic factors: age, sex, nursing home resident, coexisting illnesses, findings on physical examination, altered mental status, respiratory rate, systolic blood pressure, temperature pulse and laboratory findings were recorded.
All patients with SARS were reported and confirmed using PCR and SARS-CoV testing as described by Wu et al. [31] in the Chinese Center for Disease Control and Prevention, Institute for Viral Disease Control and Prevention, Beijing, using PCR and an ELISA test kit from the Center for Disease Control and Prevention, Atlanta, GA, USA. The ELISA helped assess the level of anti-SARS coronavirus-specific IgG antibody (cut-off value >0.313). The diagnosis was further confirmed using the ELISA assay for plasma SARS-CoV protein N IgG measurement (described below).
The initial investigations further included a complete blood count (with a differential count), clotting profile [18, 19] and serum biochemical measurements. All patients received oxygen supplementation. One patient required mechanical ventilation. The study was approved by appropriate institutional ethical review board and the protocol was consistent with the principles of the Declaration of Helsinki.
Patients with community-acquired pneumonia (Streptococcus pneumonia). Nineteen patients with communityacquired pneumonia (CAP) (Streptococcus pneumonia) (15 male, 4 female, mean age 50.5 years, range 14-90 years) were included in this study. The patients were presented with a new and persistent initial radiographic manifestation and also associated with at least one of the following: purulent tracheal secretions, body temperature >38.3°C and leucocytosis (>10 000 leucocytes per microlitre). The maximal chest radiographic scores were also calculated. Nasoparyngeal aspirate or minibronchoalveolar lavage sampling and processing of microbiological specimens were performed to confirm the diagnosis of S. pneumonia. All patients received oxygen supplementation. One patient required mechanical ventilation. The patients had no history of contact with SARS patients.
Healthy volunteer controls. Sixteen healthy volunteer controls (8 male, 8 female, mean age 44.7 years, range 22-61 years) were included in the study. Study participants did not have major chronic medical illnesses and were not taking any medication known to influence this experiment. No clinically significant abnormalities were found during physical examination; participants were not anaemic and had normal liver and kidney function. They did not have any history of contact with SARS patients.
Blood sampling. Blood was collected into 110 mmol ⁄ l trisodium citrate (ratio 1:10). After centrifugation at 500 g for 10 min, platelet-poor plasma was immediately deactivated (56°C, 30 min) and stored at )70°C.
Expression and purification of recombinant SARS-CoV N protein. Ni-NTA agarose and Escherichia coli strain M15-competent cells were purchased from Qiagen GmbH (Hilden, Germany). p GEM2-T Easy Vector Systems was purchased from Promega (Madison, WI, USA). The PQ E30 expression vector was purchased from Qiagen GmbH. The restriction endonucleases (Pst I, Bam H I) and T4 DNA ligase were purchased from Ta KaRa Shuzo Co. (Kyoto, Japan). All other reagents were of research grade or better.
Coronavirus isolated from a patient with SARS-CoV pneumonia in Beijing was inoculated into Vero cells. After 48 h, the cell culture supernatant was centrifuged at 12,000 g for 15 min at 4°C. Viral RNA was extracted with TRIzol reagent (GIBCO BRL, Invitrogen, Gaitherburg, MD, USA). Primers were designed for RT-PCR amplification of N gene using GenBank AY274119 SARS. Primers were designed to separate N1 (681 bp) and N2 (576 bp) segments and include restriction sites; coroN-1-1, 5¢-gc gga tcc ATG TCT GAT AAT GGA CCC CAA T-3¢ (BAM H I); coroN-1-2, 5¢-gc ctg cag cta TCT GTC TAG CAG CAA TAG C-3¢ (Pst I); coroN-2-1, 5¢-gc gga tcc CTT GAG AGC AAA GTT TCT GGT-3¢ (Bam H I); coroN-2-2, 5¢-gc aag ctt cta TGC CTG AGT TGA ATC AGC AG-3¢ (Hind III). N1 and N2 segments cover the sequence of the full length molecule.
RNA was amplified using RT-PCR and ligated into the p GEM-2 T Easy Vector (cloning vector), and then transformed into E. coli strain M15 cells using standard molecular biology techniques. The expected 681-and 576-bp fragments encoding partial segments of SARSCoV N protein were isolated using gel electrophoresis and were subcloned into the PQ E230 expression vector adding a (His) 6 tag to the recombinant peptides The resulting E. coli culture supernatant was mixed with Ni-NTA agarose by shaking for 1 h at room temperature and loaded into an empty column. The column was washed and eluted with a gradient of imidazole. The eluted fractions were analysed using SDS-PAGE.
Plasma SARS-CoV protein N IgG measurement. Anti-SARS-CoV N protein IgG was quantified using ELISA measurement. Briefly, microtiter wells were coated with 1:1 recombinant SARS coronavirus N1 and N2 protein mixture by overnight incubation at 4°C at 0.4 mg ⁄ ml in 0.05 M bicarbonate buffer, pH 9.5. This incubation and all the following steps were carried out in a volume of 100 ll per well unless otherwise stated. Washes and incubations were carried out with Tris-buffered saline, 0.05% Statistical analysis. Odds ratios were calculated for comparison of characteristics between SARS patients and patient with other CAP. One-way analysis of variance (ANOVA) and Tukey-Kramer Multiple Comparisons Test were employed for comparison of plasma SP-D between controls, patients with SARS and patients with other CAP (S. pneumonia). Linear regression was used to assess the relationship for the increased levels of plasma SP-D and anti-SARS-CoV N protein IgG in SARS patients. All analyses were performed using GraphPad, Prism and Instat, software, version 4.00, San Diego, CA, USA. A value of P < 0.05 was considered statistically significant.
Results
Expression of SARS-CoV N proteins (His) 6 -tagged recombinant N proteins of SARS-CoV were expressed in E. coli and purified from the bacterial culture supernatant. Initial studies had shown that the expression of the full-length N molecule resulted in the formation of products with very low solubility. Instead, N1 and N2 proteins, together covering the full-length molecule, were produced. The expressed N proteins were analysed using SDS PAGE, showing a 31-kDa band for the N1 protein and a 27-kDa band for the N2 protein. The majority of both N1 and N2 target proteins was found in the culture supernatant (Fig. 1) . The purity of the N proteins was examined using SDS PAGE and single bands corresponding to the two N proteins were observed after (His) 6 tag purification (Fig. 2) .
Recombinant N protein-based assays for indirect ELISA detection of anti-SARS-CoV protein N IgG
Confirmation of SARS-CoV infection was performed by assessing the level of anti-SARS-CoV N protein IgG. The assay was based on ELISA technology with recombinant N1 and N2 proteins coupled to microtiter plates and following incubation with patient or control plasma. Anti-SARS-CoV N protein IgG levels were [median (95% CI)] 0.97 (0.81-1.58) versus 0.05 (0.04-0.06) and 0.05 (0.04-0.07) units (OD450) in patients with SARStype pneumonia, patients with CAP (S. pneumonia) and in controls respectively (Fig. 3) . Detection was specific to patients already diagnosed for SARS and the background of the assay corresponded to the readings from the controls. No false-positive detection was observed. The anti-SARS-CoV N protein IgG titer approximated 1:100.
Validation of the assay was performed using a commercial ELISA kit (BEL diagnostic kit). It was confirmed that, these two diagnostic tests were in substantial agreement using kappa statistics (data not shown).
Characteristics of the patients with SARS-type pneumonia and patients with CAP (S. pneumonia).
The severity of the SARS disease compared with CAP (S. pneumonia) was estimated by clinical and paraclinical measurements describing respiratory distress syndrome and also typical of SARS [28] . The chest radiograph typically showed patchy shadowing, which might become confluent and more generalized. The measured characteristics Figure 2 Purity of expressed SARS-CoV N proteins. SDS-PAGE was performed under reducing conditions and Comassie Brilliant Blue was used for detection. M = molecular weight marker; 1 = total protein from E. coli M15; 2 = total protein from Escherichia coli M15 transformed with expression vector N1, uninduced; 3 = E. coli M15 transformed with expression plasmid N1, induced; 4 = (His) 6 tag-purified N1 protein; 5 = total protein from E. coli M15; 6 = total protein from E. coli M15 transformed with expression plasmid N2, uninduced; 7 = induced E. coli M15 transformed with expression plasmid N2; 8 = (His) 6 tag-purified N2 protein. for SARS and CAP (S. pneumonia) patients are summarized in Table 1 and besides chest radiography measurements of thrombocytopenia and leucocytosis are also included. The manifestation of SARS did not allow ready distinction from CAP (S. pneumonia).
Elevated plasma levels of the alveolar injury bio-marker, SP-D, in SARS patients
Analysis of variance (ANOVA) showed that the plasma SP-D levels were increased in SARS patients compared with those found in healthy controls [median (95% CI)], 453 (379-963) ng ⁄ ml versus 218 (160-362) ng ⁄ ml respectively (P = 0.026). The plasma SP-D levels did not differ significantly between SARS patients and patients with CAP (S. pneumonia): 453 (379-963) ng ⁄ ml versus 302 (94-459) ng ⁄ ml respectively (P = 0.360) (Fig. 4) .
Plasma SP-D positively correlated with anti-SARS-CoV N protein IgG
A significant correlation between plasma SP-D and anti-SARS-CoV N protein IgG measured in SARS patients was observed using linear regression (r 2 = 0.5995, P = 0.02) (Fig. 5) . SP-D did not correlate significantly with any other measured disease marker (data not shown).
Discussion
The clinical presentation of SARS lung injury is reported to resemble that of other aetiologies of CAP [33] . This was further confirmed by the measures of lung injury reported in the present study showing no significant differences in pulmonary infiltrate, chest radiographic score, thrombocytopenia and leucocytopenia between SARS patients and the bacterial-type pneumonia patients.
Significant increments in systemic SP-D are reported to take place during the course of pneumonia [32] , a notion which is supported by an animal model [34] . Because of the general similarities between SARS and other types of pneumonia, we likewise investigated systemic SP-D as a candidate marker for SARS alveolar integrity. While the amount of data ⁄ patients presented here is limited, the data are the first to demonstrate elevation of plasma SP-D levels in SARS patients and a clear direct correlation between SP-D concentration and SARS-CoVspecific antibodies.
As the lungs constitute the major source of SP-D production, the significantly high levels of plasma SP-D in SARS are considered to be due to the leakage of pulmonary proteins into the circulation [35] [36] [37] . Pulmonary leakage may cause a rise in serum SPD, even in the presence of decreased lung production, an observation that is supported by mouse experiments [36, 38] . Systemic SP-D is previously reported to increase within the first 5 days after hospitalization of CAP and afterwards slowly decline with resolution of infection [32] . The rise in systemic SP-D is further associated with a greater risk of death and fewer organ failure-free days in patients with ALI ⁄ ARDS [20] .
In the present study, an indirect ELISA was developed using two fragments of SARS-CoV N protein. The results indicated that the expressed N protein fragments reacted with antibodies present in SARS patient plasma and not with plasma from patients with S. pneumonia infection or normal controls. N protein was chosen because it is one of the predominantly expressed proteins in SARS-CoV infection, against which a strong antibody response is initiated by the host [39] . Furthermore, a comparative study has shown that the sensitivity of recombinant N protein-based IgG ELISA was significantly higher than that of recombinant S protein IgG ELISA despite that S-protein is a surface molecule [40] . The limitation to the use of such an assay includes that SARS-N protein shares some homology with N proteins of other human CoV (HCoV) and anti-sera against SARS-CoV may be cross-reactive with other HCoV [41, 42] . Moreover, indirect ELISA is not adequate for the early diagnosis of SARS, because the median time to seroconversion in SARS patients is 17-20 days after the onset of symptoms [43] .
The observed SP-D ⁄ anti-SARS-CoV N IgG correlation may represent a convergence of the expansion of the humoral immune response and the increasing alveolar permeability after SARS-CoV infection. Another simple explanation includes SP-D augmentation of antigen presentation by dendritic cells as previously demonstrated for bone marrow-derived dendritic cells in vitro [9] . By contrast, inhibitory effect of SP-D on antigen presentation by lung antigen-presenting cells was found in a similar study [10] , indicating that the role of SP-D antigen presentation and thus B-cell activation may be highly complex and the relation between the antibody response and SP-D levels in the lungs or in the circulation is difficult to predict from these models.
The present data confirm that there is a large variation in the SARS-specific antibody response in newly diagnosed patients. It is previously demonstrated that plasma levels of IgG rise in a biphasic fashion from the time of seroconversion and to approximately 80 days from onset of symptoms. Patients who died appeared with low Ig responses, which were not sufficient for the determination of seroconversion using indirect ELISA in the early phase of infection. SARS-specific Ig measurement was therefore suggested as a prognostic marker [43] . The measured IgG level in the patient who died in the present study was also low. The optical density at 450 nm was 0.282 and 24% of the mean. The measured variation in IgG levels in this study may partly represent the time elapsed since infection and may partly represent the individual capability of mounting a humoral immune response.
Despite an extensive literature reporting on SARS treatments, it is argued that it has not been possible to determine whether treatments benefited patients during the SARS outbreak [44] and serological markers for the management of SARS may be highly desirable in possible future outbreaks.
The increase in systemic SP-D implies that SP-D measurements may help monitoring alveolar injury during the course of SARS and suggests that measurements of SP-D may help treatment decisions. We hypothesize that a combination of low and stable anti-SARS-CoV N IgG and increasing plasma SP-D in early SARS may predict a worse clinical outcome. By contrast, a declining systemic SP-D may be associated with a better clinical outcome as recently demonstrated for chronic obstructive pulmonary disease [37] .
Limitations to this study included the small sample size, increasing the risk of false-negative associations. Secondly, the disease stage of patients in the study was not classified. Thus, these data cannot be applied to subgroups of patients with mild, moderate or severe disease. Thirdly, we did not measure SP-D in bronchoalveolar samples and as such it is uncertain why serum SPD levels were increased. Although systemic SP-D was increased in SARS patients and correlated with SARS-specific antibodies, SP-D failed to correlate with other measures of SARS disease, including leucocytopenia, thrombocytosis or chest radiographic score. One possibility is that these variables are not causally related. However, potential associations may be weak and a larger study with a wider variation in scores among study participants are needed to investigate these relationships in further detail. Some measures of disease activity, e.g. leucocytopenia and thrombocytosis, may reflect aspects of disease development which are not directly associated with alveolar damage and are not expected to follow the development of systemic SP-D. In this regard, previous studies of CAP demonstrated that there is no correlation between measures of SP-D and CRP or leucocyte counts in patients with pneumonia [32] .
In summary, SP-D is a well-known biomarker for alveolar damage. In line with this, the present study demonstrated increased plasma SP-D in SARS patients. The present results warrant further studies to consolidate that measurements of systemic SP-D may assess the progression of SARS-associated lung injury providing a means for monitoring alveolar integrity, e.g. in trials of antiviral therapy during possible re-emergence. Direct correlation between systemic SP-D and anti-SARS-CoVspecific antibodies further proposes a role for SP-D in interlinking innate and adaptive immune pathways in patients with SARS.
